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This study first presents two-dimensional (2-D) axisymmetric and three-dimensional (3-D) finite
element (FE) models of nanoindentation tests. Calculated load-displacement curves from the FE
models are compared with the load-displacement curves from nanoindentation measurements on
annealed copper. Numerical parametric studies are also performed to examine the effect of indenter
geometry and the material’s stress-strain behavior on the load-displacement response. The 2-D and
3-D FE load-displacement curves compare well with the measured results on annealed copper. The
second aspect of this study introduces a new modeling approach for indentation tests using artificial
neural networks (ANN). In this approach, ANN models are generated to approximate the FE load-
displacement curves for a wide range of material and geometric parameters. The ability of the ANN
models to predict the indentation response is examined against other FE results not used as part of
the training data. These models are shown to accurately predict the load-displacement behavior of a
nonlinear homogeneous material aswell as one with a hard film, such as an oxide film, on arelatively
soft substrate. It is shown that the monotonic indentation |oad-displacement response during loading
contains ample information for the ANN model to extract material flow properties of the indented

material.

[. INTRODUCTION

THE strength, fatigue, and fracture properties of multi-
phase metallic alloys strongly depend on the in-situ elastic
and plastic flow properties of the individual constituents of
the microstructure. However, the in-situ mechanical proper-
ties of the individua constituents are difficult to determine.
The objective of this study isto extract stress-strain behavior
of alocal region of a material using the load-displacement
behavior obtained during a nanoindentation test.

The general indentation problem hasold rootsin elasticity
and mechanics of solids. Prandtl! developed adip-linefield
solution for a flat punch on a semi-infinite medium. Hill et
al.!?! also considered awedge indentation under plane strain
conditions. Ishlinky® obtained a solution for spherical
indentation. Shield used an axisymmetric indentation
model by aflat cylindrical punch. Tabor!™ studied the plastic
deformed zonein elastic-plastic material asaresult of spheri-
cal cavity expansion with an internal hydrostatic pressure,
and Johnson'® extended this study to include the effect of
tip geometry. However, it is difficult to analytically describe
the complex stress-strain field due to inelastic response and
include detailed geometric parameters that may exist at dif-
ferent scales of the material.

Different numerical techniques have been developed and
can be used in indentation problems. Bhattacharya and Nix!”!
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METALLURGICAL AND MATERIALS TRANSACTIONS A

used the finite element (FE) method to solve for an indenta
tion problem with an axisymmetric cone. The cone shape
is constrained to have the same volume as that of a pyramid-
shaped indenter for a given depth. Their FE hardness results
compared well with experimental data. They also presented
an elastoplastic analysis of axisymmetric conical indentation
and showed that the shape of the plastic zone strongly
depends on the indenter angle, Young's modulus, and yield
stress.[® The FE analyses seem to predict an upper bound
of the experimental results, while the spherical cavity model
seems to predict a lower bound behavior. Wang and Ban-
gret!® used three-dimensional (3-D) FE modelsto investigate
the indentation response in a coated system. Sun et al.l'?
developed an axisymmetric FE model to simulate the inden-
tation of a hard coating on a softer substrate using a conical
indenter. The axisymmetric indenter is constrained to have
the same projected area of the Berkovich indenter, as a
function of the indentation depth. Lichinchi et al.,™¥ Fivel
et al.,'? and Knapp and Follstaedt™™® used 3-D and axisym-
metric FE models for different indentation problems in lay-
ered and homogeneous materials. A complex deformation
field is shown in their sixfold symmetric 3-D FE model for
verifying their axisymmetric model.[*4

Thefocusof the FE and analytical studiesthusfar hasbeen
to predict theload-displacement curvesgiven the plastic flow
properties. In this study, an artificial neural network (ANN)
approach has been used to solve the inverse problem of
extracting the plastic flow properties from measured |oad-
displacement behavior.

The ANN is acollection of computational cells (neurons)
that communicate through different connections with
adjusted weights. A forward-pass-type network consists of
a number of layers with several cells. Each cell is usually
connected with all cells in both the previous and the next
layers. The first and last layers include the input and output
cells. The ANN learning and training is achieved by
adjusting the connection strengths (weights) between the
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